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Lithographically  defined  multiwavelength  photonic  crystal  laser  arrays  are  reported.  The 
dependence  of  the  threshold  pump  power  on  the  spectral  alignment  between  the  quantum-well  gain 
peak  and  the  cavity  resonance  wavelength  is  investigated.  This  is  done  at,  and  slightly  above,  room 
temperature.  ©  2003  American  Institute  of  Physics.  [DOI:  10.1063/1.1627466] 


Photonic  crystal  (PC)  devices  have  been  intensely  inves¬ 
tigated  in  recent  years  owing  to  their  potential  to  form  dense 
highly  integrated  optical  circuits.  PC  lasers  are  important 
components  of  such  integrated  circuits  because  it  is  possible 
to  lithographically  define  the  lasing  wavelength.1  In  this 
study,  we  demonstrate  PC  laser  arrays  and  utilize  the  ability 
to  lithographically  tune  the  PC  laser  cavity  resonant  fre¬ 
quency  to  investigate  the  dependence  of  the  threshold  pump 
power  on  the  spectral  alignment  between  the  gain  peak  and 
the  cavity  resonance.  We  investigate  this  at,  and  slightly 
above,  room  temperature.  This  threshold  dependence  is  a 
crucial  characteristic  for  potential  wavelength  division  mul¬ 
tiplexed  (WDM)  applications. 

In  this  letter,  an  array  of  31  suspended  membrane  PC 
microcavity  lasers  is  fabricated  in  which  the  lattice  constant 
varies  in  2  nm  increments  between  neighboring  elements  of 
the  array.  Removing  19  holes  from  a  triangular  lattice  of  air 
holes,  which  perforates  a  224-nm-thick  InGaAsP  membrane 
on  an  InP  substrate,  forms  each  of  these  microcavity  lasers. 
The  membrane  contains  four  1.2%  compressively  strained 
InGaAsP  quantum  wells  (\  =  1.55  /im).  The  quantum  wells 
are  separated  by  20-nm-thick  InGaAsP  layers  ( X  gap 
=  1.2  /im) .  The  triangular  lattice  PC  is  defined  by  electron 
beam  lithography  in  2%  polymethylmethacrylate.  The  pat¬ 
tern  is  then  transferred  through  a  hard  mask  and  the  semi¬ 
conductor  in  a  series  of  dry  etching  steps.  The  suspended 
membrane  is  formed  by  a  HCl-based  wet  chemical  etch  at 
0  °C,  which  selectively  undercuts  the  InP  substrate.  The  ratio 
of  the  air  hole  radius  to  the  lattice  constant  (r/a)  is  kept 
constant  across  the  array  at  the  value  of  approximately  0.26. 
More  details  about  the  fabrication  of  this  laser  structure  can 
be  found  in  Ref.  2.  A  section  of  the  array  is  shown  in  Fig.  1. 

The  PC  lasers  in  this  study  were  optically  pumped  with 
an  850-nm  edge-emitting  diode  laser  at  normal  incidence. 
The  pumping  condition  used  was  a  4-ns  pulse  width  with  a 
0.5%  duty  cycle  at  and  above  room  temperature.  Of  the  31 
laser  elements  in  the  array,  17  elements  lase  in  the  same 
mode,  which  is  tuned  across  the  gain  spectrum  as  the  lattice 
constant  varies.3  These  17  elements  are  part  of  23  adjacent 
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elements  in  the  array.  Six  cavities  in  this  series  of  23  ele¬ 
ments  operate  in  different  modes,  which  are  more  than  50 
nm  away  from  the  mode  of  interest.  Here  we  focus  on  the  17 
lasers  operating  in  the  same  mode.  Each  element  shows 
single  mode  lasing  with  at  least  a  20-dB  side  mode  suppres¬ 
sion  rati.  Figure  2  shows  the  lasing  wavelengths  of  the  ele¬ 
ments  in  the  array  as  a  function  of  lattice  constant.  Max¬ 
well’s  equations  yield  scaled  eigenfrequencies  when  the 
spatial  extent  of  the  dielectric  is  scaled.  Here,  we  have  scaled 
the  lattice  constant  with  a  fixed  value  of  r/a .  However,  since 
all  of  these  lasers  are  fabricated  in  the  same  epitaxial  layers, 
the  membrane  thickness  (d)  is  not  scaled  correspondingly. 
Nevertheless,  the  experimental  wavelength  tuning  rate  with 
lattice  constant  is  nearly  constant.  The  average  lasing  wave¬ 
length  spacing  between  elements  in  the  array  is  4.2  nm. 
These  wavelength  tuning  increments  are  much  smaller  than 
the  mode  spacing  of  these  multimode  cavities.  The  nearest 
mode  to  the  lasing  mode  that  can  be  identified  in  a  subthresh¬ 
old  spectrum  is  more  than  25  nm  away.3  We  have  confirmed 
that  these  devices  in  Fig.  2  are  lasing  in  the  mode  with  a 
calculated  cold-cavity  quality  factor  ( Q )  of  around  104.  This 
calculated  Q  value  is  nearly  unchanged  over  an  even  larger 
range  of  PC  lattice  constants  than  is  considered  here.  The 
quality  factors  and  resonance  frequencies  of  the  microcavi¬ 
ties  were  calculated  by  a  combination  of  three-dimensional 
finite-difference  time -domain  method  and  Pade’s  interpola- 


FIG.  1.  An  oblique  view  scanning  electron  microscopy  image  of  a  subset  of 
the  laser  cavities  in  the  array. 
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FIG.  2.  The  lasing  wavelengths  as  a  function  of  lattice  constant  for  the  17 
PC  membrane  lasers. 
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FIG.  4.  Threshold  pumping  power  vs  lasing  wavelength  for  the  17  PC  lasers 
at  two  substrate  temperatures. 


tion  technique,4  in  which  the  time  domain  responses  of  the 
field  components  are  fast  Fourier  transformed  and  Pade  in¬ 
terpolated  thereafter  to  improve  the  accuracy  of  the  fre¬ 
quency  response. 

It  is  important  to  note  that  the  Q  factor  of  the  mode, 
which  is  lasing  in  the  array,  does  not  change  appreciably 
over  a  wide  range  of  lattice  parameters.  This  claim  is  based 
on  our  numerical  simulation  results.  To  demonstrate  the  ac¬ 
curacy  of  the  numerical  simulation  results  used  in  this  analy¬ 
sis,  Fig.  3  shows  the  calculated  resonant  frequencies  and 
their  Q  values  for  a  cavity  with  lattice  constant  of  550  nm, 
which  is  outside  the  tuning  range  considered  here.  Also  in¬ 
cluded  in  Fig.  3  is  a  lasing  spectrum  from  a  cavity  with  a 
lattice  constant  of  550  nm.  For  this  cavity,  the  highest  Q 
mode  is  no  longer  aligned  with  the  gain  peak,  so  that  lasing 
occurs  in  shorter  wavelength  modes  at  higher  threshold 
pump  powers.  This  higher  threshold  pump  power  allows 
greater  spontaneous  emission  intensity  into  the  nonlasing 
modes,  and  therefore  allows  a  better  comparison  between  the 
calculated  resonance  frequencies  and  the  observed  spectra. 
To  better  illustrate  the  agreement  between  the  observed  fre¬ 
quencies  and  the  calculated  frequencies,  we  have  shifted  the 
calculated  resonant  frequencies  in  Fig.  3  by  —0.0027  in  nor¬ 
malized  frequency,  corresponding  to  about  12  nm  in  wave¬ 
length.  This  12-nm  shift  corresponds  to  an  error  of  less  than 
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FIG.  3.  Lasing  spectrum  from  a  cavity  with  lattice  constant  of  550  nm  (dark 
line),  and  calculated  resonant  frequencies  with  Q  factors  for  such  a  cavity. 
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1%,  which  is  well  within  the  error  range  of  the  dimensions  of 
a  real,  fabricated  device  compared  with  numerical  modeled 
dimensions. 

Figure  4  shows  the  threshold  pumping  powers  and  lasing 
wavelengths  of  each  laser  in  the  array  at  a  substrate  tempera¬ 
ture  of  22  °C  (square  symbols).  Since  we  believe  the  Q  of 
this  mode  is  not  changed  over  this  range  of  lattice  constants, 
we  attribute  the  approximately  parabolic  profile  to  the  chang¬ 
ing  spectral  alignment  between  the  gain  peak  of  the  quantum 
well  and  the  high -Q  mode  of  each  cavity.  This  trend  is  evi¬ 
dent  in  the  data,  even  though  there  are  likely  to  be  variations 
from  one  element  of  the  array  to  the  next  due  to  fabrication 
imperfections.  Similar  behavior  of  the  threshold  condition 
has  been  observed  in  vertical  cavity  surface  emitting 
lasers.5'6  The  minimum  threshold  pumping  power  in  Fig.  4 
occurs  near  1670  nm  and  corresponds  to  the  point  at  which 
optical  gain  peak  is  aligned  with  the  lasing  mode.  The 
threshold  pumping  power  changes  by  more  than  a  factor  of  7 
across  the  tuning  range  of  the  array.  We  have  also  measured 
the  threshold  pump  powers  of  the  lasers  in  this  array  at  a 
slightly  elevated  substrate  temperature  of  30  °C.  The  result  is 
represented  by  the  circles  in  Fig.  4. 

According  to  our  previous  results,7  a  substrate  tempera¬ 
ture  increase  of  a  few  degrees  will  cause  only  a  several  Ang¬ 
strom  shift  in  lasing  wavelength.  According  to  the  data  at 
22  °C,  a  lasing  wavelength  shift  of  several  Angstroms  should 
cause  only  a  slight  change  in  the  threshold  pump  power. 
However,  the  threshold  pumping  powers  of  the  devices  near 
1670  nm  increase  by  almost  a  factor  of  2  with  the  8  °C 
temperature  increase,  as  shown  in  Fig.  4.  This  result  we  as¬ 
sociate  with  a  70  of  the  InGaAsP  suspended  membrane  PC 
cavity  if  we  represent  the  temperature  dependence  of  thresh¬ 
old  as  /\h~exp(7770).  We  note  that  even  though  there  is  a 
strong  threshold  dependence  on  the  spectral  alignment  be¬ 
tween  the  gain  peak  and  cavity  resonance,  this  effect  does 
not  dominate  the  temperature  dependence  of  the  lasers,  ow¬ 
ing  to  the  small  value  of  T0.  The  7  0  value  extracted  from 
this  threshold  data  varies  across  the  array  from  just  under  10 
to  21  K.  These  values  are  smaller  than  those  in  our  previous 
report,7  but  we  note  that  the  optical  pump  spot  size  and  the 
pulse  conditions  used  in  this  work  differ  from  the  previous 
work. 

In  conclusion,  we  have  investigated  the  effects  on  the 

threshold  pumping  powers  of  membrane  photonic  crystal  mi- 
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crocavity  lasers,  which  originate  from  the  spectral  alignment 
between  quantum-well  optical  gain  and  cavity  resonance. 
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